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Water extraction from the inner medullary collecting tubule sys-
tem: A role for urea. Recent examinations of the inner medullary
collecting tubule membrane in vitro have demonstrated that its
reflection coefficient to urea (ure) is significantly less than unity
and less than eNCI in the presence of antidiuretic hormone. Fluid
entering the inner medullary collecting tubule has a higher urea
concentration and lower NaCI concentration than does the me-
dullary interstitium, although total osmolarity is nearly equal on
either side of the membrane. The transtubular difference in solute
composition, together with the difference between Uure and 7NaCI,
should result in a driving force for extraction of water from the
tubule. This hypothesis was examined in a differential analysis of
water and solute fluxes across the collecting tubule epithelium. The
results indicate that this driving force contributes significantly to
water extraction from the inner medullary collecting tubule.
Soustraction d'eau au système collecteur médullaire interne: Un
role de l'urée. Des etudes in vitro récentes de Ia membrane du canal
collecteur médullaire interne ont démontré que le coefficient de
réflexion is l'urée (t7ure) est significativement inférieur is l'unité et
inférieur is en presence d'hormone antidiurétique. Le liquide
qui entre dans le canal collecteur médullaire interne a une concen-
tration d'urée plus élevée et une concentration de NaCI plus faible
que l'interstitium de Ia médullaire bien que l'osmolalité soit a peu
près égale de part et d'autre de Ia membrane. La difference trans-
tubulaire de Ia concentration des substances dissoutes et Ia differ-
ence entre re et NC devrait avoir pour consequence une force
motrice qui assure Ia soustraction d'eau au collecteur. Cette hy-
pothèse a été envisagée dans une analyse différentielle des flux
d'eau et de substances dissoutes is travers l'épithélium du tube
collecteur. Les résultats indiquent que cette force motrice con-
tribue significativement a soustraire de l'eau au canal collecteur de
Ia médullaire interne.
The role of urea in the urinary concentrating mech-
anism has been studied by many investigators [1—11].
Along with sodium chloride, it is the most abundant
chemical species in the extracellular fluid of the renal
inner medulla [8, 12, 13]. Furthermore, it has not
been established unequivocally that active transport
of urea occurs anywhere along the mammalian neph-
ron or collecting tubule under normal hydropenic
conditions [8, 14]. The importance of urea in the
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elaboration of a hypertonic urine, however, has been
conclusively demonstrated. Animals deprived of pro-
tein are unable to concentrate their urine maximally,
a defect which is reversed by the administration of
urea [1,2, 5, 8, 11].
In two models of theurinary concentrating mecha-
nism [9, 10], it has been suggested that urea entering
the medullary interstitium induces a transtubular
concentration gradient for passive NaCI efliux from
the thin ascending limb, thereby diluting its fluid
contents—the essential "single effect" which is multi-
plied by countercurrent flow to establish the hyperos-
motic medullary interstitium [15]. We recently stud-
ied changes in the renal medulla associated with
increases in urinary concentration caused by urea
infusion to protein-depleted rats [11]. The contents of
all structures in the inner medulla (loops of Henle,
vasa recta and collecting ducts) were hyperosmotic
before as well as after infusion of urea, but there was
a further increase in osmolality following urea in-
fusion. Neither before nor after urea administration,
however, was a significant gradient for diffusion of
NaCI out of the thin loop of Henle observed; this
gradient is a key requirement for a concentrating
mechanism based solely on passive driving forces
[10]. The failure to find a significant NaCI concentra-
tion gradient across the thin loop under conditions in
which a hyperosmotic renal medulla prevails does not
rule out a purely passive urinary concentrating mech-
anism; however, the latter has yet to be supported by
experimental evidence in vivo.
An additional role for urea in the inner medullary
concentrating mechanism is suggested by the perm-
selective properties of the collecting tubule mem-
brane to urea in the presence of antidiuretic hor-
mone. Morgan, Sakai and Berliner [16] studied the
papillary collecting tubule in an in vitro preparation
and found the reflection coefficient to urea, urea, to
be 0.4 and to 7NaCl to be 0.9, compared to a rarrinoge
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of unity. Rocha and Kokko [17] perfused isolated urea and NaCI were known. To examine the impor-
papillary collecting tubule segments in vitro and re- tance of these specific membrane characteristics in
ported a permeability to urea of 2.35 >< l0 cm/sec the extraction of water from the collecting tubule in
(considerably higher than that of outer medullary the inner medulla, a theoretical analysis was devel-
collecting tubule segments, 0.34 X l0 cm/sec [17]) oped for urea and water exchange across the collect-
and a mean value of 0.74 for the papillary collecting ing duct between the outer-inner medullary junction
tubule crurea. It is well established that in antidiuresis, and the papillary tip.
fluid entering the collecting tubule contains a high Development of the analysis. Equations describing
concentration of urea and a low concentration of fluxes of chemical species across the collecting tubule
NaCI compared to that in the peritubular interstitial membrane were obtained using linear nonequi-
fluid [7, 14, 18]. In this paper we examine the poten- librium thermodynamic theory [22]:
tial importance of the differences in transtubular so- volume flux:
lute composition and in membrane reflection coef-
ficients for the reabsorption of water across the
collecting tubule. The results indicate that these dif- solute flux:
ferences create a significant driving force for the ex-
traction of water from the inner medullary collecting 2(
tubule, where .1, is transmural volume flux; J, transmural
Analysis
flux of solute, "i"; L, hydraulic permeability; w1,
permeability of solute, "i"; o, reflection coefficient of
A qualitative description of the argument is as solute, "i"; P, transmural hydraulic pressure differ-
follows: Fluid leaving the thick ascending limb and ence; 7r1, transmural osmotic pressure difference due
entering the distal tubule is hypoosmotic with respect to solute, "i"; and C, log mean concentration of
to its environment owing to active reabsorption of solute, "i".
NaCI. In the presence of antidiuretic hormone Equations 1 and 2 are one-dimensional steady-
(ADH), water moves passively out of the water-per- state equations describing fluxes of species at a point
meable segments of the distal tubule and collecting along the membrane. One of the important insights
tubule in the cortex. Additional water is reabsorbed provided by nonequilibrium thermodynamics is illus-
from the outer medullary segments of the collecting trated by the reflection coefficient in the volume flux
tubule [19]. Since the urea permeability of these seg- equation. Equation 1 states that any given solute, "i",
ments is low [17, 20, 21], the concentration of urea in to which a membrane is permeable and for which t71
tubule fluid increases as the volume flow rate de- < I, does not exert its full concentration (osmotic)
creases along the tubule; as a consequence, urea be- difference as a driving force for volume flux. For
comes the principal solute in fluid entering the inner every solute involved in a membrane transport proc-
medullary collecting tubule. Furthermore, there is ess, two independent parameters must be specified:
relatively little interstitial accumulation of urea in the the permeability, w, and the reflection coefficient, a1.
outer medulla [12, 13]. Thus, a significant concentra- Although these two parameters are influenced by
tion gradient for urea exists across the collecting tu- some common factors, they are theoretically inde-
bule epithelium at the outer-inner medullary junc- pendent of one another, i.e., given w, o cannot be
tion, although the total osmolarities on either side of determined without additional information (for a
the membrane must be approximately equal. From more complete discussion please see chapter 10 in
linear nonequilibrium thermodynamics [22], one [22]). This is true even for the case of an ideally
would predict in this circumstance the existence of a semipermeable membrane, in which case, a I and
driving force for water to move out of the collecting w1 0. In order to apply , and o over the length of a
tubule, since the reflection coefficients of the collect- tubular system, it is necessary to incorporate fluxes
ing tubule membrane to urea and salt are unequal. In described in equations I and 2 into mass balances for
addition, there is a concentration gradient favoring each species over a differential tubule element (shown
the movement of urea out of the collecting tubule in Fig. 1):
which will further enhance water extraction.
The suggestion that urea plays a role in the move- 3
ment of water out of the medullary collecting tubule
was first made by Jaenike [6], without placing it
within a theoretical framework and before the reflec-
tion coefficients of the collecting tubule membrane to where V is volumetric flow rate at any point along the
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tubule; C1, concentration of solute, "i", at any point
along the tubule; S, surface area per unit length of
tubule; and x, axial distance along the tubule.
Equation 4 can be expanded to give the following:
—Ji.si,dx dx (5)
which, by substituting equation 3 and rearranging,
yields the following:
=
— CJV).dx v
Equations 3 and 6 constitute a set of coupled first
order differential equations in the dependent varia-
bles C1 and V. They were solved numerically using a
Runge-Kutta-Merson scheme. The computations
were performed on a digital computer (IBM 360/67).
Assumptions. Solution of these equations requires
several assumptions and specification of interstitial
solute concentration profiles and initial conditions.
These were based on previous experimental studies of
the rat and rabbit kidney.
The expression for volume flux (equation I) was
simplified by considering only the osmotic term. The
hydraulic pressure gradient across the collecting tu-
bule can safely be assumed to be negligible compared
to osmotic gradients. It is approximately 7 mm Hg at
most [23] which, by use of the van't Hoff equation, is
approximately equivalent to 0.37 mOsm/liter at
37°C.
The surface area per unit length, S, of the collect-
ing tubule system varies as a function of length, since
collecting tubules fuse approximately seven times
over their course from cortex to papillary tip [24]. It
was assumed that the surface area per unit length was
40 cm, each tubule having an average diameter of 25t
[17], and that six distal tubules fuse in the cortex to
form a single collecting tubule [25] which does not
fuse with another collecting tubule in its course
through the outer medulla [25]. Since no single col-
lecting tubule retains its identity through the entire
length of the inner medulla, it is convenient to con-
sider the entire system as a single tube with an effec-
tive diameter, or surface area per unit length, which is
reduced step-wise at each millimeter length along the
inner medulla by 50%. Thus, for a total inner me-
dullary axial length of 8 mm, there are seven reduc-
tions in the effective diameter.
It was assumed that fluid enters the collecting tu-
bule system at the outer-inner medullary junction at a
flow rate equivalent to 2% of a glomerular filtration
rate of 1 mI/mm (corresponding to a tubule fluid-to-
plasma, TF/P, inulin ratio of 50) [7, 18, 19]. The
osmolarity of fluid within the interstitium exterior to
(6) Fig. 1. Differential tubule element. Mass balance for volume and
solute flow were performed across such tubule elements in se-
quence and the results integrated over the entire tubule length. For
definition of symbols see text.
the tubule at the junction between outer and in-
ner medulla was assumed to be 400 mOsm/liter [12,
13, 19]. Fluid in the exterior was assumed to con-
sist of 325 mOsm/liter of sodium chloride and 75
mOsm/liter of urea [26], while fluid entering the col-
lecting tubule at the same level was assumed to con-
sist of 325 mOsm/liter of urea and 75 mOsm/liter of
nonurea constitutents. For a systemic plasma urea
concentration of 7 mOsm/liter [7], the concentration
of urea in fluid entering the inner medulla corre-
sponds to a TF/P urea of 46 and a fraction of filtered
urea remaining unreabsorbed equal to 93%. Several
studies [7, 14] report values between 70 and 120% of
filtered urea remaining at the end of the superficial
distal tubule, and it is likely that the average value at
the point of entry into the collecting tubule system is
even higher, since approximately 30% of the neph-
rons have long descending limbs into which there is
greater urea entry than in the descending limb of
superficial nephrons [26]. Even if some reabsorption
of urea occurs along the cortical and outer med ullary
collecting tubule segments, however, the value of 325
mOsm/liter for the concentration of urea in tubule
fluid at the outer-inner medullary junction is a rea-
sonable lower bound.
In these simulations only fluxes of urea and water
were permitted across the collecting tubule mem-
brane. Reabsorption of some nonurea components,
principally sodium salts, has been shown to occur in
vivo [19]. Since such fluxes probably result, if any-
thing, in net transport of solute out of the tubule, they
would enhance water reabsorption, and therefore ig-
noring them does not affect the validity of the con-
clusions of the simulation.
The membrane parameters chosen were as follows:
hydraulic permeability,
= 20 >< l06 cm3/(cm3/(cm2.sec.atm) (27)
(except where noted otherwise);
J Jv
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Fig. 2. External concentration profiles for sodium chloride and urea
used to simulate interstitial solute profiles over the length of the
inner medulla.
urea permeability,
ure = (2.35 X 10 cm/sec)/RT (17)
where R is the universal gas constant and 1, the
absolute temperature.
NaCI = 0.9 [16] (This was also assumed to be the
value of reflection coefficients for other
nonurea solutes in the tubule.)'
0urea was chosen as the variable parameter with
the bounds on this parameter being 0.4 
0urea  0.9.
The external conditions used for the simulations in
the inner medullary interstitium were of two kinds:
1. The first was a linear osmotic gradient along the
length of the tubule, that is, along the axis of the
inner medulla, commencing at 325 mOsm/liter of salt
and 66 mOsm/liter/mm for urea (Fig. 2). This rate
of increase results in a total osmolarity of 1800
mOsm/liter (1200 mOsm/liter of salt and 600
mOsm/liter of urea) at 8 mm length from the outer-
inner medullary junction which approximates condi-
tions found at the tip of the papilla in hydropenic
adult rats [12, 13]. The gradient along the inner me-
dullary interstitium is assumed to be generated by
reabsorption of salt from the thin ascending limb of
the loop of Henle, either by active or passive means
[28, 29] or some combination thereof [9, 11].
The apparent inconsistency between the assumption that the
collecting tubule membrane is impermeable to NaCI (no trans-
tubular flux of NaCl permitted) and the assumption of a reflec-
tion coefficient of 0.9 rather than I for NaCI is resolved as
follows: If we allow the collecting tubule to be permeable to
NaCI, then we must also introduce a term for active transport of
NaCI by the collecting tubule, since it is generally acknowledged
to exist [19]. This would have to be arbitrary. Ignoring active
NaCI transport will only retard water reabsorption.
2. The second was a constant fluid composition
along the axis of the inner medulla consisting of 325
mOsm/liter of salt and 75 mOsm/liter of urea, repre-
sentative of the interstitium at outer-inner medullary
junction.
Results
Flow rate profiles. The fraction of initial flow rate
remaining in the system is plotted in Fig. 3 as a
function of length along the first 3.5 mm of the sys-
tem, for four values of 0urea ranging from 0.4 to 0.9.
(In this and all subsequent figures, only the changes
occurring along the first 3.5 mm of the collecting
tubule are illustrated because in no instance were
there any significant or unusual changes in any of the
curves beyond that point. Furthermore, compressing
the abscissa to include the entire 8 mm of inner
medullary collecting tubule obscures initial changes
in slopes, some of which are quite interesting—see
following.) Linear external gradients of solutes were
assumed to lie along the axial length of the inner
medulla. In this case water abstraction is a function
of three factors: 1) the rise in total osmolarity along
the inner medulla, 2) the passive movement of urea
10
1.0 2.0
Length along collecting tubule, mm
Fig. 3. Volumetric flow rate profiles for various reflection coefficients
of collecting tubule membrane to urea. External conditions in the
inner medullary interstitium are given in Fig. 2. The results are
illustrated for the first 3.5 mm only.
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out of the tubule and 3) the difference between the
membrane reflection coefficient to urea and that to
other solutes. Discontinuities in the slopes of the
curves result from the abrupt change in collecting
tubule surface area at each millimeter of length. The
computations demonstrate that varying the reflection
coefficient to urea significantly affects the rate of fluid
removal along the tubule.
To isolate the effect of differing urea reflection
coefficients from that of an axial osmotic gradient
along the inner medulla, the computation was re-
peated in the absence of an axial gradient; the resul-
tant flow rate profiles are shown in Fig. 4. Note that
under these conditions significant water extraction
still occurs, in this case due solely to diffusion of urea
out of the tubule and to the osmotic effect of the
difference in reflection coefficients between urea and
nonurea constituents. For each value of 0urea the
rates of fluid extraction are lower in the absence of an
inner medullary axial gradient (Fig. 4) than those
with an axial gradient present (Fig. 3). Over the first 2
mm, however, the degree of water extraction is
slightly greater for aurea = 0.4 and no imposed inner
1.0 2.0
Length along collecting tubule, mm
Fig. 4. Volumetric flow rate profiles for various reflection coefficients
of collecting tubule membrane to urea. External conditions in the
inner medullary interstitium are constant (325 mOsm/liter of salt,
75 mOsm/liter of urea) over the entire tubule length. Results are
illustrated for the first 3.5 mm only.
Fig. 5. Osmolarity profiles for various reflection coefficients of col-
lecting tubule membrane to urea. External conditions in the inner
medullary interstitium are constant (325 mOsm/liter of salt, 75
mOsm/liter of urea) over the entire tubule length. The dashed line
indicates interstitial osmolarity. Results are illustrated for the first
3.5 mm only.
medullary axial gradient (Fig. 4) than for Ourea = 0.9
and an imposed axial gradient (Fig. 3). The curves in
Fig. 4 level off more rapidly than those in Fig. 3 as the
concentration of nonurea solutes approaches that of
urea in the collecting tubule fluid.
The uppermost curve in Fig. 4 illustrates the de-
cline in volumetric flow rate when there is no differ-
ence between reflection coefficients for urea and for
other solutes. Here extraction of water is purely a
function of the reabsorption of urea. Thus, the initial
slope of this curve is zero, since
= (— J. S,)0 (7)
( Lpfr,rre,. 1Iure,
and, since
and
then
°nonurea ,oiutes 1rnonurea so intes)x , (8)
Cures = 0nonurea solute, = 0.9
urea = Tnonureasolutes,
(J)50 = 0. (9)
In the other three cases (rrurea < 0.9), however, there
is an initial decline in flow rate, since an osmotic
driving force exists independent of urea reabsorption.
In addition, as Curea declines, the rate of urea reab-
sorption is enhanced by increased solvent drag, re-
sulting in still further augmentation of fluid reabsorp-
tion.
Concenlration profiles. Figure 5 shows profiles of
osmolarity as a function of length along the first 3.5
mm of collecting tubule with no imposed axial
gradient along the inner medulla. It is interesting to
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equilibrates osmotically with interstitial fluid depends
strongly on the value of the hydraulic permeability,
L0, of the membrane. Two recent investigations have
reported values for L0 in the presence of maximal
doses of ADH, which increases the L0 of the collect-
ing tubule membrane [17, 27]. Shown in Fig. 7 are
profiles of total osmolarity, given Uurea 0.4, for L0
= 2 >< 10 cm3/(cm2 sec atm) [27] (the values
used in the computations discussed above) and for L
= 5 X 10-6 cm3/(cm2 sec atm) [17]. With the
lower L0, the rise in osmolarity of tubule fluid is only
a small fraction of the rise in osmolarity of the exte-
rior. When the higher value is used, however, osmotic
equilibration is virtually complete2 across much of
the collecting tubule. If the L is less than the higher
value, complete osmotic equilibration between the
contents of the collecting tubule and interstitium is
probably not achieved at all levels. Rabinowitz [30]
has pointed out that if the reflection coefficients of the
collecting tubule epithelium to urea and NaCI have
different values, osmotic equilibration is not achieved
when the total osmolarities of fluid on either side of
the membrane are equal. The upper curve in Fig. 7
shows indeed that when osmotic equilibrium is ap-
proached, osmolarity in the collecting tubule fluid is
slightly higher than that in the interstitium.2
Osmotic equilibration is used here in the strict thermodynamic
4.0 sense, i.e., it occurs when o1r1 are equal on both sides of the
collecting tubule epitheliurLn. According to this definition, Os-
motic equilibration is "virtually complete," although the fluid
within the collecting duct has a higher "cryoscopic" osmolality
than that of the medullary interstitium when the higher L is
applied, as illustrated in Fig 7. This is not to be confused with
total effective osmolality, which is essentially the same on both
sides.
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Fig. 7. Osmo/arity profiles for two values of the collecting tubule
membrane hydraulic per,neability, L. The reflection coefficient to
urea is 0.4. External conditions are given in Fig. 2. The dashed line
indicates interstitial osmolarity. Results are illustrated for the first
3.5 mm only.
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observe that for 0urea = 0.9, there is an initial decline
in osmolarity from 400 mOsm/liter while for the
lower Uurea'S, there is a rise in osmolarity above that
of the adjacent interstitium. The "spontaneous" rise
in osmolarity indicates that the reabsorbate in that
region is hypoosmotic with respect to tubule fluid.
The increase in free energy required for the increase
in osmolarity is provided by a loss in free energy due
to solute mixing in the interstitium. In all cases the
magnitude of urea and water transport out of the
tubule is such that the change in intratubule fluid
osmolarity is not very great and a "stable" steady-
state osmolarity is soon reached.
The ratio of urea to nonurea solute in collecting
tubule fluid is also sensitive to variations in ure as
shown in Fig. 6. Here profiles of urea and nonurea
solute concentrations are plotted using the inner me-
dullary interstitial gradients shown in Fig. 2. Urea is
the predominant solute in the fluid throughout the
tubule, provided that diffusion is the primary mecha-
nism for urea removal from the tubule, as would be
the case for urea approaching unity. For lower urea,
however, solvent drag becomes significant and the
rise in urea concentration in tubule fluid is consid-
erably less than that of nonurea solutes such that the
concentration of nonurea solutes exceeds that of urea
beyond the first 2.5 mm of collecting tubule. In anti-
diuresis, the ratio of urea to nonurea solute in the
urine is higher than that of fluid entering the collect-
ing tubule system [8], suggesting that in vivo condi-
tions may resemble more nearly those described for
the higher urea.
The degree to which fluid in the collecting tubule
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Fig. 6. Concentration profiles for urea (solid lines) and nonurea
solute (dashed lines) for two values of reflection coefficient of the
collecting tubule membrane to urea. External conditions in the inner
meduilary interstitium are given in Fig. 2. Results are illustrated
for the first 3.5 mm only.
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Discussion
The purpose of these simulations was to explore
one possible role for urea in extracting water from
the inner medullary collecting tubule system. The
gradient along the inner medullary interstitium is
assumed to be generated by reabsorption of salt from
the thin ascending limb of the loop of Henle, either
by active or passive means [28,29] or some combina-
tion thereof [9, II]. The mechanism put forth in this
paper is not intended to be a mutually exclusive alter-
native to the theory advanced by Stephenson [9] and
by Kokko and Rector [10] that urea entry into the
medulla will augment salt transport out of the thin
ascending limb, but rather is intended to indicate how
urea may enhance water extraction across the inner
medullary collecting tubule by virtue of differences in
membrane reflection coefficients and in the composi-
tion of solute on either side of the collecting tubule.
Berliner et al [3] inferred that the source for the
high concentration of urea in the inner medullary
interstitium in antidiuresis is urea in adjacent collect-
ing tubule urine, a remarkable deduction from infor-
mation available at the time. Their hypothesis was
proven by Huger, Klumper and Ullrich [31] and by
Lassiter, Gottschalk and Mylle [7]. Berliner et al [31
reasoned that reabsorption of water from the collect-
ing tubule maintains a high urinary urea concentra-
tion, thus ensuring continued diffusion of urea out of
the collecting tubule. The high medullary interstitial
urea concentration in turn serves to balance the os-
motic effects of the major fraction of urea remaining
behind in the urine, reducing the sodium chloride
required in the medullary interstitium to that needed
to balance only the osmotic effect of urinary solutes
other than urea plus that fraction of urinary urea not
already balanced by interstitial urea. Jaenike [6] ex-
tended these ideas by noting the special permeability
characteristics required of the collecting tubule mem-
brane in the presence of ADH—that it must be per-
meable to urea but offer some barrier to urea diffu-
sion to permit the concentration of urinary urea to
rise, and, at the same time, allow sufficient urea
movement into the interstitium to achieve the high
interstitial urea concentration observed. As Jaenike
observed, "urea, since it can penetrate the tubule
epithelium, will exert little restriction to the contin-
ued movement of water out of the collecting tubule"
[6]. This suggestion is equivalent to the more formal
concept of unequal reflection coefficients used in the
present analysis, which confirms Jaenike's reasoning
and demonstrates in addition that a difference be-
tween YNaCI and 7urea can itself result in water extrac-
tion. Thus, depending on the composition of fluid
entering the collecting tubule, a driving force for
water extraction exists solely as a consequence of the
inequality of the membrane reflection coefficients to
NaCI and to urea. This driving force is independent
of both urea diffusion out of the collecting tubule and
the rise in the osmolarity of the medullary inter-
stiti um.
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